Taiwan banded krait (Bungarus multicinctus) neurotoxins and neurotoxin homologues, including α-bungarotoxin (Bgt), κ-Bgt, γ-Bgt, BM8, BM10-1, BM10-2 and BM14, have been reported. These proteins have a common three-finger scaffold and conserved cysteine residues at homologous positions. Nevertheless, these proteins show functional diversity and sequence variations in loop regions. The genomic DNAs encoding the precursors of α-Bgt, κ-Bgt, γ-Bgt, BM10-1 and BM14 are organized with three exons and two introns. The intron regions of these genes have a high degree of sequence identity, but the protein-coding regions are highly variable with the exception of the signal peptide region. These findings suggest that B. multicinctus three-finger proteins share a common evolutionary origin, and the evolution of snake venom proteins shows a tendency to diversify their functions, which may be beneficial for catching prey. Given that a multitude of functional diversities is noted with three-finger toxins, protein engineering in highly variable regions without distorting the three-finger scaffold may result in the development biopharmaceutical agents with novel functions of scientific and therapeutic interest.
Introduction
Snake venom contains a number of proteins that have a variety of biochemical and pharmacologic functions. Among them, the neurotoxins are the primary toxic proteins in cobra, krait, tiger snake and sea snake venoms, which block neuromuscular transmission and cause death by respiratory paralysis. These snake neurotoxins are classified into two distinct types, postsynaptic and presynaptic neurotoxins, in relation to the neuromuscular junction. 1 Postsynaptic α-neurotoxins bind specifically to the nicotinic acetylcholine receptor (nAChR) at the motor endplate and produce a nondepolarizing block of neuromuscular transmission. 2, 3 To date, more than 120 postsynaptic α-neurotoxins have been isolated in the pure state from elapid and hydrophid venoms. Short α-neurotoxins contain 60−62 amino acid residues with four disulfide bonds, and long α-neurotoxins comprise 71−74 residues with five disulfide bonds. The pairings of four disulfide bonds are similar in both short and long neurotoxins. The extra disulfide bond in the long neurotoxins pinches off a short pentapeptide section in the second disulfide loop, thereby shortening the loop to approximately the same length as the short neurotoxins. Moreover, long neurotoxins extend several amino acid residues beyond the carboxyl terminus of the short toxins.
X-ray and nuclear magnetic resonance analyses show that all postsynaptic α-neurotoxins adopt a similar three-finger structure, but differ in details such as the extent of the secondary structure and the positions of invariant side-chains. 2−4 Snake venom κ-neurotoxins exhibit a potent effect on the neuronal nicotinic receptor and block transmission in several neuronal systems in which α-neurotoxins have no effect. 5 Although diversities in amino acid sequences and biologic activities are noted for α-neurotoxins and κ-neurotoxins, they possess a similar three-finger structure (Figure 1 ). 6 Similar to long α-neurotoxins, κ-neurotoxins contain an extra disulfide linkage at the tip of the second loop (Figure 2 ). Other snake proteins that are similar to α-neurotoxins and κ-neurotoxins in chain length and disposition of cysteine residues are cardiotoxins and cardiotoxin-like basic proteins (CLBPs) from ela pid snake venoms. Cardiotoxins and CLBPs have been found to exhibit multiple α-Bgt κ1-Bgt γ-Bgt Figure 1 Three-dimensional structure of α-bungarotoxin (Bgt) (PDB code 1ikc), κ1-Bgt (PDB code 1kba), and γ-Bgt (PDB code 1mr6).
Figure 2
Sequence alignments of α-bungarotoxin (Bgt), κ1-Bgt, γ-Bgt, BM10-1, BM10-2, BM8, BM14, and Laticauda semifasciata erabutoxin c (Erbc). Laticauda semifasciata erabutoxin c is a short-chain α-neurotoxin. The gray boxes indicate cysteine residues. The disulfide linkages and the segments contributing to the three loops are outlines.
pharmacologic activities and adopt a three-finger structure. 7, 8 However, the molecular mechanism for exerting their biologic activities still remains to be resolved.
Searches on sequence similarity of neurotoxins against the GenBank and SWISS-PROT databases have shown the existence of snake venom neurotoxin homologues with 10 cysteine residues. The neurotoxin homologues are usually composed of 65−72 amino acid residues. Unlike the extra cysteine residues noted in the long α-neurotoxins or κ-neurotoxins, the two additional cysteine residues in the neurotoxin homologues appear in the N-terminal region and form a disulfide linkage. 9 Circular dichroism measurement shows that their secondary structures are dominated by a β-sheet similar to that noted with snake venom three-finger proteins. 10 Moreover, the family of snake venom three-finger proteins also include muscarinic toxin, anticholinesterase toxin, disintegrin, blocker of L-type calcium channel, blocker of adrenergic receptors, and anticoagulation toxin. 3, 11 Obviously, three-finger proteins affect a broad range of molecular targets.
Taiwan banded krait (Bungarus multicinctus) three-finger proteins, i.e. α-bungarotoxin (Bgt) and κ-Bgt, have been well studied. 2, 5 However, extensive analyses on the components of B. multicinctus venom suggest that the venom contains neurotoxin homologues with a three-finger structure. Given that protein sequences and biologic activities of these toxic proteins differ, this review aims to clarify the origin of their function diversities and the biolo gic implication with multiple toxins in B. multicinctus venom.
a-Bgt
α-Bgt is a long neurotoxin from Taiwan banded krait (B. multicinctus) and has been widely used to study the structure and function of nAChR because of its specific and irreversible binding. Extensive chemical modifications have been carried out to study the relationships between structure and function of α-Bgt.
1 Lenz et al 12 found that purified rabies virus glycoprotein competes with α-Bgt for binding with AChR. Moreover, human immunodeficiency virus (HIV)-1 glycoprotein 120 inhibits the binding of α-Bgt with muscle-like nicotinic receptor in the human rhabdomyosarcoma cell line TE671, suggesting that HIV infection of muscular and neuronal cells is mediated through AChR. 13 These observations imply that α-Bgt potentially exhibits activity in blocking AChR-mediated viral infection. Moreover, nAChR is expressed in normal bronchial epithelial and non-small cell lung cancer cells (NSCLCs) and is involved in cell growth regulation. Grozio et al 14 found that Naja kaouthia α-cobratoxin, a potent α7-nAChR antagonist, decreases NSCLC A549 cell growth both in vitro and in vivo. The finding that α-Bgt preferentially binds with α7-nAChR reflects that α-Bgt, as well as α-cobratoxin, may be useful adjuvants for treatment of NSCLC. These observations suggest the potential biomedical application of α-Bgt, in addition to its research interest.
Two α-Bgt isotoxins, α-Bgt (Val31) and α-Bgt (Ala31), have been isolated from the venom of B. multicinctus. Alignment of the deduced complementary DNA sequences of α-Bgt (Ala31) and α-Bgt (Val31) have demonstrated that one amino acid substitution results from one base substitution. 15 The genomic DNAs encoding α-Bgt (Ala31) and α-Bgt (Val31) have three exons, and the three exons are interrupted by two introns (Figures 3 and 4) . Structurally, the geno mic DNAs of the short neurotoxins from N. naja atra, N. naja sputatrix and Lati cauda semifasciata also comprised three exons and two introns. 16, 17 Their nucleotide sequences share a high degree of sequence homology. Noticea bly, the size of intron 2 is more conserved than that of intron 1 during the evolution of snake neurotoxin genes ( Figure 4 ). It is evident that the evolution of α-neurotoxin genes is accompanied by nucleotide segment insertion/deletion in intron 1. Nevertheless, the intronic sequences neighboring the splicing sites are highly conserved. Given that genomic DNAs encoding α-Bgt (Ala31) and α-Bgt (Val31) were identified from a single snake, this suggests that the two genes arise from a common ancestor by gene duplication and coexist in the snake genome.
k-Bgt
In contrast to the finding that α-Bgt specifically binds with α7-nAChR, κ-Bgt recognizes α2β4 and α3β4-nAChR.
18 κ-Bgt exhibits a potent effect on the neuronal nicotinic receptor and blocks transmission in several neuronal systems in which α-Bgt has no effect. Structure−function studies have shown that the residues Arg34 and Pro36 of κ-Bgt are involved in the binding of toxin molecules to the neuronal receptor. 18 These findings provide a basis for elucidating the contribution of structural variations between α-Bgt and κ-Bgt to their effect and re ceptor specificities. Almost all known three-finger proteins exist as a monomer, but κ-Bgt is a noncovalently linked homodimer. Hemachatus haemachatus hemextin AB complex is a noncovalently linked heterotetramer of two different three-finger subunits, 19 while Boiga irregularis irditoxin is a disulfidelinked hetero dimer. 11 The target of hemextin AB is coagulation factor VIIa, while irditoxin shows a high affinity toward muscle but not neuronal nAChR.
Figure 3
Alignment of the sequences of protein precursors encoded by α-bungarotoxin (Bgt), κ1-Bgt, γ-Bgt, BM10-1, and BM14 genes. α-Bgt, κ1-Bgt, γ-Bgt, BM10-1, and BM14 genes share the same genetic organization. The signal peptide region is underlined and amino acid residues encoded by exons 1−3 are outlined. The genes encoding BM10-2 and BM8 have not been determined yet.
The oligomeric structure is believed to be essential for the activities of these toxic proteins. Formation of the dimeric structure leads to an α-cobratoxin dimer that not only interacts with α7-nAChR but, in contrast to the α-cobratoxin mono mer, also blocks α3β2-nAChR. 20 In addition to amino acid substitutions, oligomerization further increases the functional diversities of three-finger toxins.
To date, six κ-Bgts have been identified from polymerase chain reaction-amplified B. multicinctus venom gland complementary DNAs. 21 However, only κ1-, κ2-and κ3-Bgt have been isolated from B. multicinctus venom. Statistical analyses on the numbers of nucleotide substitutions per synonymous site and nonsynonymous site in the proteincoding region suggest that an adaptive selection was involved in the evolution of κ-Bgt. Two genomic DNAs encoding κ1-Bgt and κ3-Bgt have been cloned from the B. multicinctus genome. κ-Bgt genes and α-Bgt genes share the same exon-intron organization and a high degree of nucleotide sequence identity ( Figures 3 and 4) , supporting the notion that these genes might have originated from the same ancestor. 21 Comparative analyses on the sequence identity for the common regions, of κ-Bgt and α-Bgt genes show that the protein-coding regions are more diversified than the intron regions, except for the signal peptide region. In contrast to the findings that the size of intron 2 is similar in these toxin genes, there is a notable variation with the size of intron 1.
g-Bgt
In 1999, Aird et al 22 isolated γ-Bgt from B. multicinctus venom. It has been shown that γ-Bgt contains an extra disulfide linkage within its N-terminal region, which is in contrast to an extra disulfide linkage in α-Bgt and κ-Bgt that is located at the tip of the second loop (Figure 2) . Moreover, γ-Bgt has an Arg-GlyAsp (RGD) motif, which suggests its interaction with integrin. Similar to α-Bgt and κ-Bgt, γ-Bgt also adopts a three-finger structure (Figure 1 ). Mutagenesis studies have suggested that the amino acid residues flanking the RGD motif might control the width of the RGD loop and affect the interaction specificity of γ-Bgt with integrin. 23 Given that integrin−ligand interactions play an important role in regulating biologic processes such as angiogenesis and metastasis of cancer, snake venom RGD-containing proteins may be employed as a structural scaffold in developing agents with anticancer activity. Alternatively, γ-Bgt was found to interact with Torpedo nAChR and muscarinic AChR (mAChR). 24 Likewise, N. kaouthia weak toxin interacts with all mAChR subtypes and α7-nAChR. 25 Thus, γ-Bgt and N. kaouthia weak toxin could be regarded as multifunctional three-finger toxins. Since targets are available in several organs of prey or in different prey species, the significance of multitargeted toxins for prey capture may be greater than that of highly specific toxins.
The gene encoding the γ-Bgt precursor is organized with three exons and two introns, which is virtually identical to that of α-Bgt and κ-Bgt (Figure 4) . 24 Moreover, protein-coding regions of γ-Bgt, κ-Bgt and α-Bgt are interrupted by introns in similar positions (Figure 3 ). These findings support the idea that B. multicinctus three-finger proteins share a common origin.
Taiwan Banded Krait Neurotoxin Homologues, BM10-1, BM10-2, BM8 and BM14
Bungarus multicinctus venom can be separated into 23 fractions on an SP-Sephadex C-25 column. 24 The results of sequence determination and mass analyses have shown that fractions 8 and 14 contain novel proteins. The proteins purified from fractions 8 and 14 are designated as BM8 and BM14, respectively. 26 After separation on a reverse phase high-performance liquid chromatography column, fraction 10 was verified to contain two toxic proteins, BM10-1 and BM10-2.
27 BM8 and BM14 are isomeric proteins and are nearly identical except for the substitution of Glu37-Ala38 in BM8 for Lys37-Lys38 in BM14 (Figure 2 ). BM10-1, BM8 and BM14 contain 10 cysteine residues, while BM10-2 has eight cysteine residues. Alignment of the amino acid sequence shows that eight out of the 10 cysteine residues in BM10-1, BM8 and BM14 are located at the same conserved positions as those in BM10-2, α-Bgt, κ-Bgt and γ-Bgt (Figure 2 ). The two additional cysteine residues of BM8 and BM14 are at positions 6 and 16, while the two extra cysteine residues of BM10-1 are at positions 6 and 11, which is similar to γ-Bgt. Although three-dimensional structures of BM10-1, BM10-2, BM8 and BM14 have not been determined yet, circular dichroism measurement has shown that the secondary structure of BM10-1, BM10-2, BM8 and BM14 are dominated by a β-sheet structure. 26, 27 Computer modeling shows that BM10-1, BM10-2, BM8 and BM14 adopt a "three-loop" folded structure ( Figure 5 ).
BM10-1, BM10-2 and α-Bgt exhibit activity for inhibiting carbachol-induced contraction of chicken biventer cervicis muscle. 27 The dose for achieving 50% inhibition was 89.3nM and 23.7nM for BM10-1 and α-Bgt, respectively. The inhibition of carbacholinduced muscle contraction by BM10-2 is approximately a two-order magnitude higher than that of
BM10-2
Figure 5
Models of BM10-1, BM10-2, BM8 and BM14. Homology models of BM10-1 and BM10-2 were built using the structure of κ1-bungarotoxin (PDB code 1kba) as a template under the homology program. Homology models of BM8 and BM14 were built using the structure of α-bungarotoxin (PDB code 1ikc) as a template.
α-Bgt. The response to carbachol did not significantly revert after being extensively washed with Krebs solution to remove BM10-2 and α-Bgt. In contrast, the inhibition of carbachol-induced muscle contraction caused by BM10-1 could be recovered by thoroughly washing out the toxin. Thus, BM10-1 reversibly binds with postsynaptic acetylcholine receptors, while BM10-2 binds with postsynaptic acetylcholine receptors in an irreversible manner. Nirthanan and Gwee 9 suggested that the reversibility of α-neurotoxin action at the neuromuscular junction is not always a reflection of its binding affinity to the receptor and may perhaps be associated with a specific area of interaction on the toxin molecule, distinct from the receptor recognition site. It is evident that amino acid substitutions along with the evolution of three-finger toxins alter the binding affinity as well as the interaction mode with their targets.
It has been shown that injection of BM8 and BM14 is not toxic to mice at doses up to 3 mg/kg. 26 The two proteins are unable to compete with radioiodinated α-Bgt for binding with Torpedo nAChR. 26 The inability of BM8 and BM14 to bind with rat cortex M1 mAChR subtype has been observed, but BM14 exhibits an affinity for binding with the rat ventricle M2 mAChR subtype. 26 Taken together, these results indicate that B. multicinctus neurotoxin homologues exhibit species-specific neurotoxicity. Previous studies have shown that three-finger toxins Boiga dendrophila denmotoxin and Boiga irregularis irditoxin exhibit a taxon-specific lethality toward birds and are nontoxic toward mice. 11, 28 Although the genetic organization of BM10-2 and BM8 genes remains elusive, the BM10-1 and BM14 genes are organized with three exons and two introns (Figures 3 and 4) . The percentage similarity between the common regions of BM10-1, BM14, α-Bgt, κ-Bgt and γ-Bgt genes indicates that the protein-coding regions are more diversified than the intron regions, except for the signal peptide region. 25−27 Alignment of the promoter sequences of BM10-1, BM14, α-Bgt, κ-Bgt and γ-Bgt genes suggests that their promoter regions are highly conserved and contain some consensus transcriptional factor binding sites. 17 The putative transcriptional factor binding sites include NF-1, TATA box, CACCC-binding factor, and EFII. The functional involvement of CACCCbinding factor in the regulation of N. naja sputatrix cardiotoxin gene has been reported previously. 29 This finding indicates that the expression of these genes, at least in part, is regulated under the same transcriptional mechanism. Comparative analyses on three-finger toxin genes suggest an evolution mode with sequential steps including gene duplication, divergence of the snake subfamily, divergence of snake species, and functional divergence of snake venom proteins. 30 With respect to the genetic divergence of snake toxins, the variations in gene transcription may represent another event in evolutionary diversification of toxin genes.
The Evolution of B. multicinctus

Three-finger Proteins
To date, three-finger proteins, including BM10-1, BM10-2, BM8, BM14, α-Bgt, κ-Bgt and γ-Bgt, have been purified from B. multicinctus venom. The genes encoding these proteins share a common genetic structure and high degree of sequence identity, suggesting that these genes might originate from a common evolutionary origin followed by sequential gene duplication and divergence. In addition to genomic DNAs encoding B. multicinctus threefinger proteins, N. naja atra, N. naja sputatrix and Pseudonaja textilis α-neurotoxin, cardiotoxin, CLBP and neurotoxin homologue genes have been determined. 31−37 The genomic DNAs of these three-finger proteins have the same genetic organization and high degree of sequence identity. Accordingly, the other three-finger proteins, including muscarinic toxin, anticholinesterase toxin, disintegrin, L-type calcium channel blocker, anticoagulation toxin and adrenergic receptor blocker, are believed to have the same genomic organization. Although the biologic significance with multiple toxins in snake venom has not been fairly delineated, the diverse functions of three-finger proteins may have a selective advantage for snakes in catching prey and for defense against predators. A recent study supports the idea that predator−prey interactions contribute to the diversity and evolution of snake venom components. 38 Moreover, dietary habits have been found to alter venom composition of Aipysurus eydouxii. 39 Thus, it is conceivable that snake venom proteins have evolved to functionally alter the physiologic activities along with predator−prey interaction, and consequently snake venom has become a complex mixture of pharmacologically active polypeptide toxins.
Several multigene families including phospholipase A 2 (PLA 2 ) enzymes, Kunitz-type protease inhibitors, three-finger toxins, snake venom hemorrhagic metalloproteinases and disintegrins have been determined. 38,40−46 Analyses on the genetic structure of these genes suggest that these families have evolved by gene duplication, followed by functional diversification by positive selection. Previous studies on the genes encoding snake PLA 2 from different species have revealed that the protein-coding regions of PLA 2 genes are unusually variable. 40, 41 In contrast, the introns of venom gland PLA 2 genes evolved at a similar rate to neutral evolution and are highly conserved. Thus, accelerated evolution of exon regions have been proposed to be involved in the evolution of PLA 2 genes to acquire diverse functions. Recently, Doley et al 47 proposed that snake venom toxin superfamilies evolve through an accelerated segment switch in exons to alter targeting, resulting in drastic changes in functionally important surface regions, followed by accelerated point mutations in those regions that fine-tune the target specificity. 47 The presence of fused protein in the Sistrurus catenatus edwardsii venom gland transcriptome indicates that exon shuffling and transcriptional splicing contribute to generate the diversity of toxins and toxin isoforms observed among snake venoms. 48 The highly conserved introns in snake venom gene families probably facilitate segment switch in exons and/or exon shuffling via homologous recombination. Taken together, the evolution of the B. multicinctus three-finger protein gene family might have resulted from genetic divergence and in response to predator-prey interactions.
Conclusion
The interaction of three-finger proteins with their molecular targets has been well-described and found to involve one or more different regions. Structural variability in loop regions contributes to the activity of three-finger proteins and is the basis of the functional diversity of the three-finger fold. 9 Thus, it has been proposed that the three-finger scaffold is used by snakes to "create" different combinations of functional groups, generating different target specificities. 9 The evolution of three-finger proteins along with functional diversity is in line with the goal of protein engineering, leading to the production of mutated toxins that have a conserved structural scaffold but different structural flexibility and biologic activities. The grafting of loop I and part of loop II of fasciculin (anticholinesterase toxin) into the homologous location in toxin α (α-neurotoxin) contributes to the appearance of anticholinesterase activity with the chimeric protein. 49 This suggests the possibility that generation of rationally designed novel activities use three-finger scaffolds to develop proteins with novel functions of scientific and therapeutic interest. Thus, understanding the origin of the functional diversity of B. multicinctus three-finger proteins may contribute to the development of biomedical applications.
